ABSTRACT: Under flooded rice fields, methanogens produce methane which comes out through rice stalks, thus rice fields are known as one of the anthropogenic sources of atmospheric methane. Studies have shown that use of manure increases amount of methane emission from rice. To investigate mechanisms by which manure boosts methane emission, comparative soil metagenomics between inorganically (NPK) and pig manure fertilized paddy soils (PIG) were conducted. Results from taxonomy analysis showed that more abundant methanogens, methanotrophs, methylotrophs, and acetogens were found in PIG than in NPK. In addition, BLAST results indicated more abundant carbohydrate mabolisetm functional genes in PIG. Among the methane metabolism related genes, PIG sample showed higher abundance of methyl-coenzyme M reductase (mcrB /mcrD /mcrG ) and trimethylamine-corrinoid protein Co-methyltransferase (mttB ) genes. In contrast, genes that down regulate methane emission, such as trimethylamine monooxygenase (tmm) and phosphoserine/ homoserine phosphotransferase (thrH ), were observed more in NPK sample. In addition, more methanotrophic genes (pmoB /amoB / mxaJ ), were found more abundant in PIG sample. Identifying key genes related to methane emission and methane oxidation may provide fundamental information regarding to mechanisms by which use of manure boosts methane emission from rice. The study presented here characterized molecular variation in rice paddy, introduced by the use of pig manure.
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rice paddies include soil types (Conrad et al., 2008; Bao et al., 2014a) , fertilizers (Kruger and Frenzel, 2003; Yuan et al., 2013) , varieties of cultivars (Liou et al., 2003) , temperature (Gaihre et al., 2012) , soil redox potential (Singla et al., 2014) , and carbon availability (Yuan et al., 2013; Kim et al., 2014) .
Methanogenesis is a complex biosynthetic process involving various coenzymes and cofactors (Thauer, 1998) . Most abundant and ubiquitous methanogens in soil environments are acetoclastic methanogens that use acetic acid as a substrate to produce methane (Ma et al., 2010; Das et al., 2011; Das and Adhya, 2012; Datta et al., 2013) . On the other hand, there exist some rice paddy specific methanogens, referred to as "Rice cluster I", members of which also contribute substantial amount of methane emission from rice . Rice cluster I includes hydrogenotrophic methanogens Sakai et al., 2007; Lü and Lu, 2012) . Therefore concentrations of both hydrogens and acetic acids also affect methane emission from rice field (Das et al., 2011; Datta et al., 2013) . Activities of both hydrogenotrophic and acetoclastic methanogens were affected by pH, carbon nitrogen ratio, rice growth stages, and moisture (Das et al., 2011; Datta et al., 2013) . On the other hand, methylotrophic bacteria including methanotrophs also increase where methane is available as a substrate. Growth of these methanotrophic and methylotrophic bacteria also depend on rice variety (Ma et al., 2010; Bao et al., 2014b) , types of fertilizers (Mohanty et al., 2006; Zheng et al., 2014) , and number of co-existing methanogens (Edwards et al., 2015) . These studies suggest that methane emission system under rice paddy is very complicated, involving various microbial species and environmental factors.
Manure is a commonly used fertilizer in paddy fields in South East Asia. The use of manure could directly introduce fecal methanogens and other carbohydrates degrading bacteria, or manure itself serves as a source of carbon for methane emission. Previously, effects of cow and swine manure on methane emission from rice paddy were compared (Kim et al., 2014) . According to the study, introduction of fecal methanogens were the direct cause of methane emission increase in case of cow manure, whereas swine fecal methanogens were not detected in paddy field, although high methane emission was observed. Other studies also reported high methane emission from rice fields due to pig manure addition (Pandey et al., 2014; Nguyen et al., 2015) . Pig feces contain prevalent microbes that metabolize carbohydrates (Lamendella et al., 2011) , therefore, use of pig manure could introduce substrate producers for indigenous methanogens. While methane increase caused by cow manure is likely due to the addition of fecal methanogens, mechanisms by which pig manure enhances methane emission in paddy fields is not clear. In this study, we conducted comparative soil metagenomics between pig manure fertilized paddy soil and inorganically fertilized paddy soil. The study presented here should provide fundamental information regarding to molecular mechanisms involved with respect to the methane emission boots due to pig manure fertilizer.
Materials and Methods
Sample collection and DNA sequencing than 5% of the bases were below a quality score of 28, reads were trimmed at the first low quality base, or discarded if the resulting read was less than 30 bp. Taxonomic classification was done using Metaxa2 (Bengtsson-Palme, 2015) . Methanogens, acetogens, methanotrophs, and methylotrophs were screened based on taxonomy (Supplementary data Table S1 ) and abundance of them was visualized with a heatmap (R heatmap2 package) after converting read abundance to a log scale.
Sequence processing and analysis
De-novo assembly was done using Velvet v1.2.10 (velveth kmer 35, velvetg -exp_cov auto -ins_length 350) (Birney, 2011) .
Contigs less than 300 bp were removed from further analyses.
MG-RAST (Meyer et al., 2008) . Abundance of each contig was calculated by mapping reads against ORFs. In-house perl script was used to replicate Blast output to meet the contig abundance, then loaded to MEGAN v5.10.3 (Huson et al., 2011) for COG, SEED, and KEGG annotation. Genes in methane metabolism KEGG Orthologous genes (map00680) were retrieved using GenomeNet LinkDB search (Kanehisa et al., 2002) and used as a methane metabolism related gene database (CH4-DB). Read abundance of the methane related genes were calculated using RSEM (Li and Dewey, 2011 ) to obtain number of mapped reads, which is further normalized with a total number of mapped reads and multiplied with one million.
Results and Discussion
Sequencing, assembly, and ORF prediction results Table S3 .
Microbial community analysis
After trimming, 14,317 (0.0268%) and 14,775 (0.0337%) paired sequences were assigned to archaeal/bacterial 16S rRNA genes for NPK and PIG samples, respectively. Although no significant difference was observed in the total soil microbial communities between NPK and PIG samples (Supplementary data Fig. S2 ), species diversity and relative abundance of methanogenic archaea were higher in PIG sample than in NPK sample (4.11% and 2.53%, respectively) (Fig. 1A) . On the other hand, relative abundance of methanotrophs and methylotrophs was also higher in PIG sample (Fig. 1B) . Acetogenic bacteria, including Holophaga foetida, Moorella thermoacetica, Oxobacter pfennigii, Thermoanaerobacter kivui (Muller, 2003; Drake et al., 2008; Fenchel, 2011; Müller and Frerichs, 2013) , are possible substrate producers to acetoclastic methanogens. In this study, acetogenic bacteria were identified only in PIG sample (Fig. 1C ). Higher abundance of methanogens and acetogenic bacteria could result in high methane emission (Peng et al., 2008; Bao et al., 2014a) , whereas presence of methanotrophic/methylotrophic bacteria may indirectly indicate the methane availability in the environment. Fig. 2 show that distributions of functional genes in NPK and PIG were almost similar (Fig. 2) . Results from the COG annotation showed that the largest difference between PIG and NPK samples were observed for "unknown functions" by 5.27%, followed by "energy production and conversion" (by 2.98%) and "general function and prediction only" (by 2.11%) ( Fig. 2A, Supplementary data Table S4 ). Results from SEED analysis showed that the largest difference between the two samples was "carbohydrates" (by 1.78%), followed by "stress response" (by 1.40%) and "membrane transport" (by 1.22%) (Fig. 2B) . Carbohydrate metabolism was also observed as the largest difference between the samples based on KEGG mapping (Fig. 2C) . Therefore, our results suggest that the largest difference in functional genes between the two samples likely involve carbohydrates metabolisms. Lamendella et al. (2011) reported that carbohydrate metabolism functional genes were highly abundant in pig feces (>13%), therefore there may be a chance that the use of pig manure may have introduced microbes owning genes related to carbohydrate metabolisms to paddy soils. Recently, genetically modified rice was developed in order to increase aboveground biomass, which consequently reduced root exudates (Su et al., 2015) . According to the study, the alteration suppressed the carbohydrate availability in rhizosphere, which consequently reduced significant amount of methane emission from rice. Therefore, the abundance of genes involved in carbohydrate metabolism may also play a key role in controlling methane emission from rice. Fig. S3 ). Genes in the cluster I and II were further analyzed for KEGG annotation and total 40 KO were identified ( Fig. 3A and Supplementary data Table S5 ).
Functional gene distribution analysis
KO of these differentially abundant genes were further mapped on the methane metabolism KEGG map (Fig. 3B) . Roles of the mapped genes found in PIG and NPK are summarized in Tables   1 and 2 , respectively. Our results show that PIG specific KO were found in various pathways towards production of methane. (Harms, 1996) , and trimethylamine-corrinoid protein Co-methyltransferase (mttB) and dimethylamine/trimethylamine dehydrogenase (dmd-tmd) catalyze the synthesize of Methyl-CoM, a precursor of methane (Yang et al., 1995; Tallant and Krzycki, 1997; Jones et al., 2002; Pritchett and Metcalf, 2005 
